Introduction 76
Strigolactones (SLs) are a group of terpenoid lactones that regulate shoot 77 branching outgrowth and root development in various plant species 78 (Gomez-Roldan et al., 2008 , Umehara et al., 2008 , Koltai et al., 2011a , 79 Ruyter-Spira et al., 2011 , Seto et al., 2012 . SLs are also exuded from roots 80 into the rhizosphere as signaling molecules that stimulate the germination 81 of root parasitic weeds and the branching of arbuscular mycorrhizal fungi 82 (Cook et al., 1966 , Akiyama et al., 2005 . At present, two carotenoid cleavage 83 dioxygenases (D10 and D17), a carotenoid isomerase (D27), and 84 Os01g0700900 (Os0900) and Os01g0701400 (Os1400) are known to be 85 involved in the biosynthesis of SLs in rice (Lin et al., 2009 , Cardoso et al., 86 2014 , Zhang et al 2014 , Seto et al., 2014 , Abe et al., 2014 . The activities of 87 SLs depend on D3 and D14: D3 encodes the F-box protein and D14 encodes 88 SL receptor, which act in SL signaling. D53, which encodes a substrate of the 89 SCF D3 complex, was recently reported to be a repressor of SL signaling in 90 rice, and the degradation of D53 protein by SL, in cooperation with D14 and 91 D3, is considered as a key event in SL signaling (Jiang et al., 2013 , Zhou et 92 al., 2013 , Yao et al., 2016 , de Saint Germain et al., 2016 . 93
Gibberellin A (GA) is a plant hormone that regulates many aspects 94 of plant growth and development during the life cycle of plants (Yamaguchi 95 7 this approach is not cost-effective for controlling these weeds expanded in 122 large area. 123
There is some cross-talk between SLs and various hormones. For 124 example, auxin which regulates shoot branching and root morphology, acts 125 both up-and downstream from SL signaling, in secondary growth and root 126 hair elongation, respectively (Agusti et al., 2011 , Koltai et al., 2011a . SL also 127 inhibits auxin transport by reducing the accumulation of auxin efflux carrier 128 component 1 (PIN1) in xylem parenchyma cells (Crawford et al., 2010) . 129
Ethylene also affects root hair elongation by exerting epistatic effects on SLs 130 (Kapulnik et al., 2011) . Two reports have also directly demonstrated an 131 interaction between SL and hormonal signaling. Wang et al. showed an 132 interaction between the SL and brassinosteriod signaling pathways. BES1, 133 an important transcriptional regulator in the brassinosteroid signaling 134 pathway, interacts with MAX2, which is the ortholog of rice D3, and BES1 135 degradation is accelerated by SLs in Arabidopsis (Wang et al., 2013) . 136 Nakamura et al. reported an SL-dependent interaction between D14 and 137 SLR1 in rice (Nakamura et al., 2013) . This data suggests the existence of 138 cross-talk between the GA and SL signaling pathways. However, 139 contradicting result has been reported that SLs act independently of GAs in 140 stimulating internode elongation in the pea (de Saint Germain et al., 2013) . 141 Therefore, there is as yet no physiological evidence of the existence of 142 cross-talk between the GA and SL signaling pathways, although Lo et al. 143 reported that GA deficiency promotes tiller bud elongation in rice (Lo et al., 144 8 2008 response to SL in a concentration-dependent manner, low-SL-producing 161 plants can be resistant to infection by these weeds (Jamil et al., 2012) . In an 162 attempt to find a novel SL biosynthesis regulator, we screened several 163 chemicals, including plant hormones, plant growth regulators, and triazole 164 derivatives previously constructed in our laboratory (Min et al., 1999 , 165 Sekimata et al., 2001 , 2002 . To evaluate their ability to regulate SL 166 biosynthesis, we analyzed the levels of 2'-epi-5-deoxystriol (epi-5DS), an 167 endogenous SL in rice, in root exudates, using liquid chromatography-168 tandem mass spectroscopy (LC-MS/MS). Because the SL levels in the root 169 exudates of rice seedlings are elevated when inorganic phosphate is depleted 170 in the medium (Umehara et al., 2008) , we examined the effects of these 171 chemical treatments on SL levels under phosphate-deficient conditions. With 172 screening, we identified a plant hormone, GA3, that strongly reduced the 173 levels of epi-5DS in the root exudates (Fig. 1A) . Another SL (orobanchol) in 174 the root exudates was nearly undetectable in the GA3-treated rice (Fig. 1B) . 175
The application of a GA biosynthesis inhibitor (1 µM uniconazole-P or 1 µM 176 paclobutrazol) also slightly increased the levels of epi-5DS (Fig. 1A) . To 177 exclude the possibility that GA3 inhibits SL export and reduces the levels of 178 epi-5DS in root exudates, we analyzed the endogenous epi-5DS levels in rice 179 roots. Our data clearly indicate that GA3 strongly and dose-dependently 180 reduces the levels of epi-5DS in both roots and root exudates in a 181 concentration range of 0.1-10 nM (Fig. 1C) . Moreover, the reduced levels of 182 epi-5DS in a GA3-treated Lotus japonicus root cell culture suggested that 183 GA3 also reduces the levels of SL in in vitro culture systems and other plant 184 species (Supplemental Fig. S1 ). 185
Many GAs are present in plants. In many cases, the intensity of GA 186 responses is dependent on GA-GID1 binding affinity (Ueguchi-Tanaka et al., 187 2005) . To examine the effects of various GAs on SL production, we analyzed 188 the levels of epi-5DS in rice treated with active (GA1, GA3 and GA4) or 189 inactive (GA8) GAs. The effects of GAs on SL production were generally 190 consistent with the physiological activities of each GA ( Fig. 1D ; Nishijima et 191 al., 1994) . These results indicate that bioactive GAs reduce SL production. by GA, the levels of epi-5DS were measured in the roots and root exudates of 197 mutants defective in GA biosynthesis or signaling, with LC-MS/MS (Fig. 2) . 198
In the GA biosynthesis mutant, Tanginbozu, which shows a semidwarf 199 phenotype, elevated levels of epi-5DS were detected in the roots and root 200 exudates, and were suppressed after GA treatment ( Fig. 2A) . In 201 GA-insensitive mutants gid1-3 and gid2-2, the level of epi-5DS did not 202 change after GA treatment (Ueguchi-Tanaka et al., 2005 , Sasaki et al., 2003 . 203
The level of epi-5DS was also higher in the gid2-2 mutant than in wild-type 204 seedlings (Fig. 2B ). SLR1 is a repressor of GA signaling and most GA-related 205 responses are induced by the degradation of SLR1. One SLR1 mutants, 206 slr1-5, is a constitutive GA response mutant. epi-5DS was undetectable in 207 the roots and root exudates of the slr1-5 mutant (Fig. 2C) . These results
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suggest that the regulation of SL production by GAs is caused by a 209 GID-DELLA signaling pathway. 210 SL biosynthesis is tightly controlled by endogenous SL levels 211 through the negative feedback regulation of D10 and D17 expression 212 (Umehara et al., 2008) . To determine whether the regulation of SL 213 production by GAs depends on SL signaling, we tested the effects of GA on 214 SL levels in an SL signaling mutant. Although the epi-5DS levels were 215 higher in the loss of function mutants in SL signaling (d3-1 and d14-1) than 216 in the WT, presumably as a consequence of the feedback regulation of the SL 217 pathway, GA3 reduced the levels of epi-5DS in both roots and root exudates 218 ( Fig. 3) . These results indicate that the pathway through which GA3 219 regulates SL biosynthesis is independent of D3 and D14.
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We used a quantitative reverse transcription PCR (qRT-PCR) 221 analysis of the SL biosynthesis genes to clarify the mechanism underlying 222 the regulation of SL biosynthesis by GA signaling ( 14 synthesized by OsD27, OsD10, OsD17, Os0900, and Os1400 in rice (Alder et 224 al., 2012 , Zhang et al., 2014 ). Our qRT-PCR analysis 225 revealed that treatment with GA3 for 24 h reduced these transcript levels in 226 the WT roots (Fig. 4B) . A time-course analysis of the SL biosynthesis genes 227 was performed in roots exposed to 50 nM GA3 for 0-24 h. All of the genes 228 tested here showed similar expression patterns (Fig. 4C ). In the control roots, 229 the transcripts increased until 24 h, but remained low in the GA3-treated 230 roots. This result suggests two possibilities: one is that GA treatment 231 reduces transcript levels of SL biosynthesis genes, and the other is GA 232 suppresses the up-regulation of SL biosynthesis genes and maintains the 233 transcription at basal level. To clarify these hypotheses, we performed the 234 expression analysis of SL biosynthesis genes in the time course shown in 235
Supplemental Fig. S3A . The transcript levels of SL biosynthesis genes were 236 reduced by GA treatment (Supplemental Fig. S3B ). This result indicates GA 237 down-regulates SL production through mediating the expression levels of SL 238 biosynthesis genes. Next, we estimated the effects of a protein synthesis 239 inhibitor, cycloheximide (CHX), on the regulation of SL biosynthesis by GA 240 signaling. As mentioned above, treatment with 50 nM GA3 reduced the 241 transcript levels of the SL biosynthesis genes. On the other hand, CHX 242 abolished the repression by GA on the transcript levels in comparison with 243 the control (Fig. 4C) . These results imply that the regulation of SL levels by 244 GA signaling is attributable to the altered expression of the SL biosynthetic 245 genes via de novo protein synthesis. activity than those of the control plants (Fig. 6A) . Moreover, fewer seeds 270 germinated in the vicinity of the roots of 100 nM GA-treated rice than in the 271 vicinity of the control roots (Fig. 6B) . As a result of the reduced germination 272 frequency, statistically fewer Striga established parasitism on the 100 nM 273 GA-treated rice. When germinated Striga seeds that had been stimulated 274 with Strigol were incubated with 100 nM GA-treated rice, there was no 275 significant difference in the frequency of successful parasitism between the 276 control and 100 nM GA-treated rice plants (Fig. 6C) 
Discussion 282
SLs are important phytohormones required for plant growth and 283 development. Because SLs are known to be involved in the regulation of 284 diverse physiological phenomena, including shoot branching, root 285 development, and leaf senescence, they are thought to be involved in 286 physiological interactions with various hormones and environmental cues 287 (Crawford et al., 2010 , Dun et al., 2012 , Kapulnik et al., 2011 , Ha et al., 2014 , 288 de Jong et al., 2014 , Mayzlish-Gati et al., 2012 , Tsuchiya et al., 2010 . 289
However, the physiological cross-talk between SL and GA has not been 290 determined, despite their molecular interaction, in which the putative SL 291 receptor, D14, interacts with the GA signaling repressor, SLR1 (Nakamura 292 Importantly, the application of an inactive GA metabolite (GA8) to WT plants 296 or active GA to GA signaling mutants (gid1-3 and gid2-2) did not induce this 297 regulation, whereas the application of active GA to the WT and a GA 298 biosynthesis mutant (Tanginbozu) reduced their levels of SLs (Figs 1 and 2) . 299
We also detected no SL in a constitutive GA response mutant (slr1-5). These 300 results indicate that the regulation of endogenous SL level by GA signaling 301 depends on the activity of the DELLA protein. The repressive activity of GA 302 on SL biosynthesis did not correlate with the binding activity of GA to GID1 303 ( Fig. 1D ; Ueguchi-Tanaka et al, 2005) . GA4 shows the highest affinity for 304 GID1. However, whereas GA1 and GA4 are inactivated by GA 2-oxidase in 305 plants, GA3 is not oxidized by GA 2-oxidase (Nakayama et al., 1990) . These 306 facts explain the inconsistency between the repressive activity on SL 307 biosynthesis and the binding activity on GID1. The increased levels of SL in 308 gid2-2 are similar to those in Tanginbozu, suggesting that a reduction in GA 309 signaling induces an increase in the level of SLs. Interestingly, however, the 310 level of SL was lower in the gid1-3 mutant than in the WT ( Fig. 2A and B) , 311 whereas both the gid1-3 and gid2-2 mutants were insensitive to GA and had 312 similar phenotypes. These data suggest that a GID1-independent GA 313 signaling pathway could be present, similar to the GID2-independent GA 314 signaling pathway reported by Ueguchi-Tanaka et al. (2008) 
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regulatory mechanism is still unclear. Alternatively, as GID1 and D14 316 competitively binds to SLR1, by the loss of function of GID1 binding to GA 317 D14 can become to dominantly bind to SLR1 and suppress SLR1 function. As 318 a result in gid1 mutant 5DS level decrease could be due to feedback 319 regulation similar to in slr1 mutant.
SL biosynthesis is positively and negatively regulated by various 321
hormones and environmental cues (Yoneyama et al., 2007a , Yoneyama et al., 322 2007b , Hayward et al., 2009 , Koltai et al., 2011b , López-Ráez et al., 2010 . 323
Phosphate is a negative regulator of SL biosynthesis and its regulatory 324 activity alters the expression of the SL biosynthetic genes (Umehara et al., 325 2010) . A previous gene expression analysis indicated that phosphate 326 deficiency increased the transcription levels of D10, D17, D27, Os0900, 327 Os01g0701500, and Os02g0221900 (Umehara et al., 2010) , whereas GA 328 signaling regulated the expression of the Os1400 gene, as well as D10, D17, 329 D27, and Os0900 (Fig. 2) . These results suggest that GA signaling regulates 330 the expression of the SL biosynthesis genes through a different pathway 331 from phosphate signaling. However, CHX treatment reduced the 332 transcription level of Os1400, while the other SL biosynthesis genes (D10, 333 D17, D27 and Os0900) were hardly affected by CHX treatment, suggesting 334 that the regulatory mechanisms of Os1400 expression by GA signaling was 335 different from those of the other SL biosynthesis genes. 336
In the time-course experiment, the expression levels of SL 337 biosynthesis genes were increased at 24 h (Fig. 4C) . We did not exchange 338 hydroponic culture media from day 7 to day 13 and transferred rice seedlings 339 into fresh media at day 13 (Fig. 4A) . Removal of the accumulated SLs from 340 media might lead the up-regulation of SL biosynthesis genes. 341
Tanginbozu showed GR24 insensitive phenotype in tiller bud length 342 (Fig. 5 ). In Tanginbozu, endogenous level of epi-5DS was higher than that in 343 Ginbozu ( Fig. 2A) . In addition, d10-1 mutant is more sensitive to GR24 than 344 WT (Umahara et al., 2008) . Therefore, the result that Tanginbozu The SL analysis was performed according to a previously described method 389 (Umehara et al., 2008) . Briefly, the hydroponic culture medium was 390 extracted twice with ethyl acetate after the addition of d6-epi-5DS (200 pg 
